We investigated the relationship between serum ribavirin concentrations and clearance, as well as therapeutic efficacy and adverse reactions, in 97 Japanese patients with chronic hepatitis C virus infections treated with a 6-month course of high-dose alpha2b interferon (6 million units/day) plus ribavirin (600 to 800 mg/day) combination therapy. This randomized trial showed that the saturation of ribavirin uptake after taking ribavirin capsules does not occur within a dose range of 600 to 800 mg/day, which is a standard dosage used clinically in Japan. Serum ribavirin concentrations and clearance did not correlate with sustained virological response rates. Fourteen patients discontinued therapy because of adverse reactions, and sustained virological response rates were significantly reduced by discontinuation of therapy, while dose reduction of ribavirin did not alter the therapeutic effects. Ribavirin concentrations after 1 week and ribavirin clearance were significantly correlated with discontinuation of ribavirin; however, a multiple-regression analysis revealed that only hemoglobin concentration, but not ribavirin clearance, was a significant factor for discontinuation of therapy (odds ratio, 0.514; 95% confidence interval, 0.311 to 0.85; P ‫؍‬ 0.0095). It appears that peripheral erythrocytes may act as a reservoir for ribavirin and regulate serum ribavirin levels in the very early phase of treatment.
It is estimated that 170 million people are infected with hepatitis C virus (HCV) worldwide, and the prevalence is 1% to 2% in developed countries (12, 17) . The natural history of hepatitis C involves the gradual progression to liver cirrhosis, with hepatocellular carcinoma as a final complication (44) . The goal of therapy is to halt or decrease the progression of liver fibrosis (38) , and interferon (IFN) therapy has been used for this purpose for more than a decade (33, 34) . However, IFN-␣ and -␤ monotherapy is effective in a limited number of patients, with only 10% to 30% of patients experiencing a sustained virological response (SVR) to monotherapy (1, 10, 36, 37) . Many investigators, including our group, have tried alternative approaches to enhance SVR rates (5, 9) , and based on these investigations, oral ribavirin (RBV) combination therapy is now a first-line treatment (2, 42) . Recently, the pegylated form of IFN (PEG-IFN) was demonstrated to be significantly more effective in achieving SVRs than IFN combination therapy (23) , and as a result, PEG-IFN and RBV combination therapy has been recently recommended as a standard therapy for HCV infection.
Several types of adverse reactions have been reported in patients undergoing antiviral therapy for chronic hepatitis C (35) . In recipients of combination therapy, consisting of either standard IFN or PEG-IFN with RBV, hemolytic anemia (hemoglobin concentration of Ͻ100 g/liter) occurred frequently and led to dosage reduction or discontinuation of RBV treatment in 1% to 15% of patients (21, 43) . Most patients treated with IFN plus RBV combination therapy experience a decrease in hemoglobin levels from baseline of at least 20 to 30 g/liter (21) . In a study of 832 treatment-naive patients with chronic hepatitis C virus infection, there was a mean maximum decrease of hemoglobin from baseline of 29 g/liter after 24 weeks of therapy. The decrease in hemoglobin concentrations began after 1 week and stabilized after 4 weeks of therapy, and reticulocyte counts increased, reaching a peak at 4 weeks (32) . Following cessation of therapy, hemoglobin concentrations and reticulocyte counts returned to pretreatment levels after 3 to 10 weeks. Several other adverse events have been reported with IFN and RBV combination therapy, and approximately 25% of patients require dosage modification of one or both agents during treatment (41) . Several laboratory parameters should be carefully monitored at various time points before and during treatment. Additionally, it would also be valuable to identify factors that can be monitored to predict treatment efficacy and adverse effects. There are several proposed antiviral mechanisms of RBV, including immunomodulating and direct antiviral effects. RBV is a water-soluble synthetic guanosine analog, and it exerts direct antiviral activity after intracellular phosphorylation to its mono-, di-, and triphosphate forms, which are pharmacologically active in vivo. The uptake rate of RBV by erythrocytes is species and concentration dependent (47) . Human erythrocytes pretreated in vitro with RBV retain 45% of the drug, and the erythrocyte concentration of RBV greatly exceeds that in plasma. This is probably caused by the absence of the enzymes, 5Ј nucleotidases, and alkaline phosphatase, which hydrolyze RBV phosphates (29) , and the inability of RBV phosphates to cross the erythrocyte membrane. As a consequence, RBV is accumulated within the erythrocytes as a mixture of phosphorylated derivatives, which causes a marked decrease in ATP levels in erythrocytes, inducing oxidative stress and, finally, membrane damage of the erythrocyte (4) . Therefore, the serum concentration of RBV may be one of the factors that cause hemolytic anemia. In addition to hemolytic anemia, various other side effects have been reported with IFN and RBV combination therapy, such as gastrointestinal, respiratory tract, and dermatologic symptoms and emotional disturbance, and these symptoms sometimes cause discontinuation of RBV therapy (3, 22, 25, 31) . It is thought that some of these symptoms are also correlated with serum RBV concentrations. Furthermore, several investigators have reported that the RBV concentrations at weeks 4 and 8 are associated with SVR. Kamar et al. (16) recently demonstrated that RBV apparent clearance (CL/F) is a good marker for determining RBV clearance in HCV-positive transplant patients with normal or impaired renal function. Toyota et al. (45) reported that discontinuation of RBV and decrease in hemoglobin concentration depended on CL/F levels.
Thus, the serum RBV concentration and its clearance seem to have clinical significance for predicting treatment efficacy and the occurrence of side effects. We measured RBV levels at 1, 2, 4, and 8 weeks after the start of treatment and analyzed the correlation of serum drug levels with therapeutic effects and severe side effects that led to discontinuation of the treatment. We also assessed the effect of RBV dosing frequency (2 or 3 times per day) because intestinal absorption of this drug also affects serum concentrations.
MATERIALS AND METHODS
Patients, treatment, and parameters. The clinical protocol was approved by the ethical committees of the Keio University, School of Medicine, and the University Hospital. Ninety-seven patients with chronic hepatitis C who visited the Keio University Hospital and affiliated hospitals from April 2002 to March 2003 were enrolled in this study. Written informed consent was obtained from all patients. Patients were excluded if they had hepatitis B virus or human immunodeficiency virus infection, daily alcohol consumption greater than 60 g, or other forms of liver disease. Patients were randomly assigned to two groups, receiving RBV twice a day (group I) or three times a day (group II). Patients were cautioned to take RBV capsules after a meal to facilitate absorption and were reminded at each physician visit. Patients received a liver needle biopsy before having treatment and histological assessment was performed, after processing using standard techniques, according to the new Inuyama classification (13) , which is a standard diagnostic criteria in Japan. HCV RNA levels and genotypes were examined using an AmpliCor GT-HCV monitor version 2.0 (Roche Molecular Systems, Pleasanton, CA) according to the method described by Okamoto et al. (28) . Serum transaminase levels (aspartate amino transferase [AST] and alanine aminotransferase [ALT]), blood cell counts, and serum levels of creatinine were sequentially measured. To assess liver fibrosis, hyaluronic acid, type IV collagen, type IV collagen 7S, matrix metalloproteinase 1 (MMP-1), MMP-2, MMP-3, tissue inhibitor of MMP 1 (TIMP-1), and TIMP-2 were also measured. Adverse effects were monitored clinically by careful interview and medical examination throughout the study. Compliance with treatment was examined using a questionnaire and medical records. Renal function was assessed by serum creatinine (Cr) concentration (mg/dl) and Cr clearance (CrCl; ml/min). RBV apparent clearance was obtained from the formula CL/F (liter/h) ϭ 32.3 ϫ (body weight [kg] 
)/Cr (mol/liter), according to previous reports (16, 45) .
Treatment regimen. Patients received 6 million units (MU) of intramuscular IFN-␣2b (IntronA; Schering-Plough, Kenilworth, NJ) daily for 2 weeks and three times a week for 22 weeks. The RBV (Schering-Plough) dosage was determined according to body weight (600 mg/day for those weighing <60 kg and 800 mg/day for those weighing more than 60 kg) and administered for 24 weeks concurrently with IFN treatment. SVR was defined as the absence of serum HCV RNA after the end of treatment until 6 months later. The dose of RBV was reduced when hemoglobin concentrations reached less than 100 g/liter, and RBV was discontinued when the hemoglobin concentration reached less than 85 g/liter and restored to the initial dose upon recovery to 100 g/liter. This is a standard protocol recommended by the Ministry of Labor and Welfare of Japan.
Measurement of serum RBV levels. Serum RBV concentrations were measured by high-performance liquid chromatography (HPLC, LC-10A; Shimadzu Corporation, Kyoto, Japan) at 28°C and optical density at 215 nm. This measuring system was already established in Japan (8) and was shown to be suitable for clinical use (48) . Briefly, serum samples (200 l) were pretreated with 20 l of 25% perchloric acid to exclude protein and then centrifuged at 12,000 ϫ g at 10°C for 10 min. The supernatant (120 l) was added with 20 l of 17% potassium phosphate tribasic solution and centrifuged at 10°C and 12,000 ϫ g for 5 min. The supernatant (100 l) was mixed with 140 l of distilled water, and this solution was used as the HPLC sample. Statistical analysis. Treatment outcomes were analyzed on an intent-to-treat basis. Correlation between RBV concentrations and SVR rates or hemoglobin concentrations was analyzed by Fisher's exact test, Mann-Whitney U test, or Pearson's test. SVR rates of two different treatment groups were analyzed in relation to viral genotypes by the Mantel-Haenszel test. Multivariate analysis was performed using a logistic regression analysis. The criterion for statistical significance was a P value of Ͻ0.05. All statistical calculations were performed using SAS software version 8.2 (SAS Institute, Cary, NC).
RESULTS
Background of the patients. Of the 97 patients enrolled in this study, 60 (61.9%) were male, 37 (38.1%) were over 60 years of age (median age, 57 years; range, 20 to 70 years), and 63.9% of the patients were treatment naive. HCV genotype 1b was found in 67.0% (65/97) of the patients, HCV RNA levels less than 100 kIU/ml were found in 7 of 97 the patients (7.2%), and 54 (55.7%) had level greater than 500 kIU/ml.
Fourteen patients discontinued IFN and RBV combination therapy because of anemia (n ϭ 14), anxiety and insomnia (n ϭ 3), itchy eruption (n ϭ 4), fatigue (n ϭ 3), severe headache (n ϭ 1), or retinopathy (n ϭ 1). One patient stopped therapy because of discovery of lung tuberculosis (n ϭ 1). All side effects disappeared after discontinuation of the combination therapy with adequate treatment. A patient with lung tuberculosis was adequately treated with antituberculosis drugs.
The overall SVR rate in this study was 38.1% (37/97). The SVR rate of patients depended on HCV genotypes and HCV RNA levels. The SVR rate was 20.0% (13/65) in patients with genotype 1b and 75.0% (24/32) in patients with genotypes 2a/2b. In patients with genotype 1b, the SVR rate was 50.0% (2/4) in patients with low viral load (Ͻ100 kIU/ml), 36.0% (9/25) in those with moderate viral loads (100 to 500 kIU/ml), and 5.6% (2/36) in those with high viral loads (Ն500 kIU/ml).
These responses were compatible with other studies previously reported (22) .
Effect of dosing frequency on serum RBV concentrations. Patients randomized into group I received RBV twice a day (n ϭ 49), and those randomized to group II received RBV three times a day (n ϭ 48). Serum RBV concentrations after oral administration of RBV reached a plateau at up to 8 weeks. The mean serum RBV concentrations of group I and II were as follows: at 1 week, 1,159.9 and 1,244.3 ng/ml; at 2 weeks, 1,626.6 and 1,671.5 ng/ml; at 4 weeks, 2,145.1 and 2,258.4 ng/ml; at 8 weeks, 2,314.6 and 2,538.9 ng/ml; at 24 weeks, 2,243.8 and 2,148.8 ng/ml, respectively. No significant difference in RBV concentrations was found in relation to daily dosing frequency.
The SVR rates in groups I and II were 42.9% (21/49) and 33.3% (16/48), respectively, and there was no significant difference between the groups (P ϭ 0.366, Mantel-Haenszel test). Serum RBV concentrations were compared between SVR patients and non-SVR patients independent of HCV genotype, and there was no significant difference between them. This result was also found when the concentration was compared within groups of patients infected with HCV genotype 1b (Fig.  1) or genotype 2a/2b. SVR rates and discontinuation of RBV administration. The backgrounds of patients who did or did not achieve an SVR were compared, and earlier stage of fibrotic change in the liver, HCV genotype (non-1b), lower basal HCV RNA levels, higher platelet counts, and lower basal MMP-2 levels were significant factors for contributing to SVR. A logistic regression analysis using the stepwise method showed that HCV genotype and HCV RNA levels were significant contributing factors for obtaining SVR among the significant factors in the univariate analysis (genotype non-1b/1b, odds ratio ϭ 21.2, 95% confidence interval [CI] ϭ 6.21 to 72.47, P Ͻ 0.0001; HCV RNA levels, odds ratio ϭ 0.997, 95% CI ϭ 0.995 to 0.999, P ϭ 0.0066).
To exclude genotype differences, patients with genotype 1b (n ϭ 65) were analyzed (Table 1) . Contributing factors for obtaining SVR (univariate analysis) were fibrosis staging, HCV RNA levels, and MMP-2 levels. Logistic regression analysis between these factors revealed that the HCV RNA levels were a significant factor in determining the SVR of patients with genotype 1b (odds ratio ϭ 0.995, 95% CI ϭ 0.992 to 0.998, P ϭ 0.0014).
The SVR rates of patients who stopped taking RBV or who stopped both IFN and RBV were significantly reduced. There were no patients who stopped only IFN. SVR rates in the different groups of patients are summarized in Table 2 . The   FIG. 1 . Serum levels of RBV 1, 2, 4, and 8 weeks after the start of therapy in patients with genotype 1b HCV infection. Serum RBV concentrations were compared between patients with SVR and those who did not achieve SVR. No significant difference was found between serum RBV levels in SVR and non-SVR patients at any time point. The number of patients is indicated at each point. a *, statistically significant. A logistic regression analysis using the stepwise method showed that only HCV RNA level was a significant contributing factor for obtaining sustained viral response among the factors significant in the univariate analysis (odds ratio ϭ 0.995; 95% CI ϭ 0.992 to 0.998; P Ͻ 0.0014). SVR rate of patients who completed combination therapy was 47.5% (29/61), and the SVR rate of those who needed a dose reduction of RBV was 36.4% (8/22) . No significant difference was found between these groups. The SVR rate of patients who stopped RBV treatment was 0% (0/14). SVR rates for patients with genotype 1b who completed combination therapy and who had a reduced dosage were 26.3% (10/38) and 18.8% (3/16), respectively. Those of non-1b patients were 82.6% (19/ 23) and 83.3% (5/6), respectively. SVR rates of genotype 1b and non-1b patients who stopped RBV were both 0% (0/11 and 0/3, respectively). Thus, SVR was not obtained in patients who discontinued RBV, but the SVR rate was not affected by reduction of dosage.
Correlation between RBV concentration and hemoglobin concentration. Hemoglobin levels gradually decreased after the start of therapy and reached a plateau at week 4. The correlation between RBV concentration and minimal hemoglobin level is shown in Table 3 . The RBV concentrations on days 7, 14, and 28 were significantly correlated with the minimal level and maximal decrease of hemoglobin, but the RBV concentration on day 56 (week 8) was not correlated with those levels. The correlation coefficient was highest at 1 week and gradually decreased according to the time course from 1 week. The serum RBV concentration at 1 week, when hemoglobin levels did not reach minimal levels, was significantly correlated with the minimal hemoglobin concentration (Fig. 2) .
Analysis of factors affecting discontinuation of RBV. We further investigated the factors responsible for discontinuation of RBV therapy because the suspension of RBV administration causes a significant reduction in SVR rates (Table 4) . Positive factors contributing to RBV discontinuation were female gender, lower hemoglobin concentration, lower CrCl, lower CL/F, and higher serum RBV concentration at 1 week. Of the significant factors contributing to discontinuation of RBV identified in the univariate analysis (gender, hemoglobin, CrCl, CL/F, and RBV concentration at 1 week), none were significant according to multivariate analysis with logistic regression. If the factor CL/F was excluded from these factors (among gender, hemoglobin, CrCl, RBV concentration), he- on October 23, 2017 by guest http://jcm.asm.org/ moglobin concentration was identified as a significant factor (odds ratio ϭ 0.514; 95% CI ϭ 0.31 to 0.85; P ϭ 0.0095).
DISCUSSION
The combination therapy of IFN and RBV is associated with higher rates of SVR than IFN monotherapy (1, 3, 25, 32, 40) . SVR rates, especially those for patients with HCV genotype 1b and high viral load (Ն100 kIU/ml, difficult-to-treat patients), were very low with IFN monotherapy, and the SVR rate for difficult-to-treat patients on IFN monotherapy was below 5% in our series (36, 39) . The combination of RBV and IFN increased this rate to 18.0% (11/61) in the present study. The SVR rate of genotype 1b patients with viral loads of 100 to 500 KIU/ml was 36.0%, and that of patients with a viral load of more than 500 KIU/ml was 5.6% in this study. Multivariate analysis showed that the significant contributing factors for achieving SVR were genotype and HCV RNA levels within genotype. These results are compatible with previous reports. PEG-IFN plus RBV combination therapy has overcome this therapeutic limitation caused by HCV RNA levels.
We measured markers of fibrosis in relation to therapeutic responses, and MMP-2 was identified as a significant factor correlating with SVR, although this was not significant in a multivariate analysis. The response was correlated with histological staging (F factor), suggesting a correlation between fibrosis markers and histological staging. Kasahara et al. (18) previously reported a relationship between MMP-2 and the response to interferon monotherapy, and Ninomiya et al. (27) suggested a role of MMPs in the IFN-induced inhibition of hepatic fibrosis. It is interesting that MMP-2 was the only marker that was identified as a significant factor; however, the relevance of this finding is unclear. Marinosci et al. (24) recently reported a role for MMP-9 in response to PEG-IFN and RBV treatment.
It has been reported that a higher serum RBV concentration was associated with a higher likelihood of SVR (46); the serum RBV concentration at week 4 and 8 seemed to be significantly associated with SVR (15), although one study showed that RBV concentrations in SVR patients at week 12 and 24 were significantly higher than those of nonresponders (19) . However, in the present study, no significant correlation between serum RBV concentrations at weeks 1, 2, 4, and 8 and SVR rates were found. Tsubota et al. (47) described the pharmacokinetic profiles of single and multiple dosing regimens of RBV and noted that only patients with sustained serum concentrations of 3,000 ng/ml or more exhibited an SVR. Jen et al. (15) also found a relationship between serum RBV concentration and treatment outcome, but they found that RBV-induced HCV clearance was affected by body weight, gender, age, and serum Cr. The present study did not include obese patients, and there was no difference between SVR patients and non-SVR patients with respect to gender, age, serum Cr levels, and serum Cr clearance.
It is unclear why serum RBV level was not correlated with SVR in our study, but in addition to the antiviral and "error catastrophic" effects of RBV, it also has immunoregulatory activity; RBV induces the Th1 cytokine phenotype while suppressing the Th2 cytokine response. Immunologic shift to the Th1 response is thought to be important for viral clearance and recovery. The immunoregulatory effect of RBV has been demonstrated in several animal models and a clinical study. In the present study, serum RBV concentration did not correlate with viral clearance, and reduction of the total dose of RBV did not affect therapeutic outcome. If RBV exerts its therapeutic effect by stimulating the production of antiviral substances and the induction of error-prone replication of HCV, its effect would be expected to be dose dependent. However, we demonstrated that the effect was not dose dependent, since dose reduction did not alter RBV efficacy. Therefore, our results suggest that the immunological effect of RBV could play a significant role in the antiviral response to IFN plus RBV combination treatment.
It has been reported that hemolytic anemia induced by RBV depends primarily on the serum concentration of RBV but does not depend on the dose per kilogram of body weight (20) , since RBV is mainly eliminated by the kidneys. Other important factors affecting serum RBV concentrations are absorption, uptake of RBV from the intestine, metabolism, and excretion. Following administration of a single capsule of RBV, the mean bioavailability of RBV is reported to be up to 40%, and saturable absorption of the drug has been suggested by the fact that the peak plasma concentration does not increase proportionally with dosage (6, 30) . This saturable absorption of RBV has been explained by saturation of its transport by the N1 Na ϩ nucleoside transporter located in the brush border membrane in the human jejunum and intestine (30) . Other nucleoside transporters have been implicated in RBV uptake by human erythrocytes (14) . If nucleoside transporter saturation affects absorption of RBV, and if the total dose remains constant, the serum RBV concentration might be affected by each additional dose. Serum RBV levels, however, were not affected by whether RBV was taken twice or three times per day, suggesting that saturable absorption does not occur if the dose of RBV is between 600 and 800 mg/day, which is the standard dosage used in Japan. Further studies at higher RBV dosages are necessary to clarify this issue.
The SVR rate was not affected by the reduction of the RBV dosage, but RBV discontinuation had a considerable effect. This result is compatible with another report using PEG-IFN (7), although the 80% compliance with RBV therapy has also been reported to achieve a good outcome (26) . Therefore, it is important to identify predictive factors responsible for the discontinuance of RBV administration. We compared various factors that contributed to discontinuance of RBV; these included gender, hemoglobin levels, CrCl, CL/F, and RBV concentration at 1 week. Hemoglobin concentration was the only significant factor for RBV discontinuation identified by logistic regression analysis with CL/F excluded from the factor analysis. These results suggest that both hemoglobin concentration and RBV clearance may contribute to RBV discontinuation, although hemoglobin levels appear to be more important than RBV clearance for determining RBV effects. Thus, erythrocytes seem to play an important role in modulating the effects of RBV.
RBV concentration after 2 weeks was not a significant factor for discontinuation of RBV administration. It has been suggested that the transmembrane transfer of RBV is much faster in erythrocytes than in other kinds of cells, so the early-phase serum RBV levels might be decreased mainly due to absorp-tion by erythrocytes, while in subsequent phases, serum RBV levels might be affected by absorption by other organ cells (14) . There was a negative correlation between pretreatment hemoglobin levels and serum RBV concentrations at 1 week. If excess RBV not absorbed by erythrocytes during the first week gradually distributes to other organs, several side effects might occur according to the RBV levels in cells other than erythrocytes. Homma et al. (11) clearly demonstrated that marked elevation of erythrocyte RBV, including its phosphorylated metabolites, was associated with hemoglobin reduction, although hemoglobin concentration during the first 7 days was not decreased. This result indicated that almost all absorbed RBV was stored in erythrocytes during the first week from the start of therapy. Therefore, erythrocytes may serve as a reservoir for RBV during the first week of treatment, and if the serum RBV remaining at 1 week is high, then the RBV distributes much more to other organs, and side effects might easily occur. This hypothesis suggests that patients with low pretreatment hemoglobin levels may be more susceptible to higher serum RBV levels and more-frequent side effects. This speculation is compatible with the result of a univariate analysis and a logistic regression analysis of factors affecting discontinuation of RBV administration, in which gender, hemoglobin levels, RBV levels, CrCl, and CL/F were identified in the univariate analysis but only hemoglobin level was significant when CL/F was excluded. It has been recently reported that one gram or more of RBV per day increases the risk of developing anemia (43) , and therefore, early measurement of RBV concentration might be more beneficial for patients receiving higher doses of RBV than those used in our study.
